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Abstract

Growing evidence identifies maternal adiposity as a potentially-modifiable risk factor for adverse 

neurodevelopment. This retrospective cohort analysis examined whether maternal prepregnancy 

adiposity and gestational weight gain were associated with behavioral outcomes in 173 rhesus 

macaque infants at the California National Primate Research Center. Dams conceived indoors, had 

uncomplicated pregnancies, delivered vaginally and reared infants indoors. Infants underwent 

standardized bio-behavioral analysis at 90-120 days of age from 3/2001–5/2015. Offspring of 

mothers with greater baseline adiposity or gestational weight gain exhibited a pattern of poor 

adaptability characterized by greater emotionality as the assessments proceeded, blunted affective 

response to a human intruder challenge, and reduced interest in novel stimuli which is associated 
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with poorer social functioning later in life. They also had lower cortisol levels following 

dexamethasone suppression, perhaps a response to cortisol excess during gestation. These results 

amplify growing public health concerns implicating maternal adiposity in impaired fetal 

neurobehavioral programming.
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Obesity is recognized as a global health epidemic by the World Health Organization, with an 

estimated 38% of adults – over 1.8 billion men and women – considered obese worldwide in 

2013 (Ng et al., 2014). In the US in 2014, more than half of pregnant women were 

overweight or obese (Branum, Kirmeyer, & Gregory, 2016). Obesity’s impact on the 

gestational environment appears to program fetal development in key ways that are strongly 

associated with a number of long-term health risks, including cardiovascular disease 

(Roberts, Frias, & Grove, 2015) and several neuropsychiatric conditions (Rivera, 

Christiansen, & Sullivan, 2015).

A growing body of evidence has identified maternal prepregnancy body mass index (BMI) 

(Hinkle et al., 2012; Hinkle, Sharma, Kim, & Schieve, 2013; Huang et al., 2014; Jo et al., 

2015) and gestational weight gain (GWG) (Hinkle, Albert, Sjaarda, Grewal, & Grantz, 2016; 

Keim & Pruitt, 2012) – or both (Pugh et al., 2016a, 2016b; Pugh et al., 2015) – as 

potentially-modifiable risk factors for impaired child neurocognitive development. Maternal 

obesity has been associated with attention deficit hyperactivity disorder (Chen et al., 2014; 

Rodriguez et al., 2008), anxiety and depression (Rodriguez, 2010; Van Lieshout, Robinson, 

& Boyle, 2013), schizophrenia (Jones, Rantakallio, Hartikainen, Isohanni, & Sipila, 1998; 

Schaefer et al., 2000) and autism spectrum disorder (ASD). Fetal exposure to maternal 

pregravid adiposity, measured as obesity at age 18 (Lyall, Pauls, Santangelo, Spiegelman, & 

Ascherio, 2011), being taller and heavier (Wilkerson, Volpe, Dean, & Titus, 2002), weight 

≥90 kg (Dodds et al., 2011), and weight >91kg among non-smokers (Burstyn, Sithole, & 

Zwaigenbaum, 2010) have each been associated with ASD. Excess GWG has also been 

associated with ASD (Bilder et al., 2013; Dodds et al., 2011; Gardner et al., 2015).

Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis is common in obese 

individuals and a possible mechanism in developmental programming. Elevated cortisol is 

implicated in obesity causality and plays a significant role in adipocyte biology and weight 

gain (Bose, Olivan, & Laferrere, 2009; Torres & Nowson, 2007). In pregnancy, maternal 

preconception obesity and excess GWG demonstrate synergism in their association with 

elevated third trimester evening cortisol levels compared to women at healthy weight 

(Aubuchon-Endsley, Bublitz, & Stroud, 2014). Maternal stress is associated with offspring 

anxiety and HPA responsivity in rodents, suggesting that the developing fetal HPA axis may 

be susceptible to maternal obesity (Brunton, 2013). It is not clear whether these mechanisms 

operate in primates.
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To avoid methodologic issues inherent in human epidemiology, we explored relationships 

between maternal adiposity, GWG and neurobehavioral impairment in the indoor colony of 

rhesus (Macaca mulatta) monkeys at the California National Primate Research Center 

(CNPRC). Our hypotheses were that prepregnancy maternal adiposity and/or excess 

gestational weight gain (GWG) would be associated with impairments in infant adaptive 

development.

The rhesus macaque model is highly relevant to the study of gestational adiposity with 

strong generalizability to humans. While the majority of CNPRC adults are at healthy 

weight, many indoor females are overweight or obese, the result of years of inactivity and 

over-eating, similar to adult humans. Further, the controlled environment in which CNPRC 

monkeys live limits research confounds arising from lifestyle variations in women. Finally, 

gestational and postnatal neurobehavioral development in the nonhuman primate closely 

parallel that of humans, with similar feto-placental maturation, brain organization and 

postnatal evolution of cognitive, affective, and social functioning (Phillips et al., 2014). 

Although causal relationships cannot be determined in this type of study, this design has 

been used to study developmental effects of gestational obesity in humans. Furthermore, 

retrospective studies like this one can provide important “proof-of-principle” data that can 

lead to more causally-oriented prospective studies.

METHODS

Because obesity is largely restricted to indoor dams, we restricted our retrospective cohort 

investigation to the indoor colony. Inclusion criteria were indoor conception and gestation; 

maternal infant rearing; no hospitalizations; being conventional (i.e., not specific pathogen-

free) animals; and having experienced a standardized infant evaluation at 3-4 months of age. 

Colony health records from 2001-2015 identified 173 dam-infant pairs who met inclusion 

criteria.

There were two fetal exposures of interest in this study. The first involved a proxy for 

maternal prepregnancy adiposity in monkeys known as the Body Condition Score (BCS) 

(Summers, Clingerman, & Yang, 2012). As in humans, weight alone is an inadequate 

measure of adiposity in monkeys. This subjective semi-quantitative assessment of key 

anatomic features reliably identifies obese monkeys with body fat that ranges from 30 to 

55% (Summers et al., 2012). The BCS ranges from 1 to 5, and a score of 3.5 correlates with 

32% body fat, comparable with the World Health Organization classification of obesity in 

women of 30% body fat or greater. Monkeys are scored on a semi-annual basis, with 

minimal variation from one measurement to the next in non-pregnant adult females. The 

BCS recorded immediately prior to conception was used for these analyses.

The second fetal exposure was GWG, measured as steepness of weight change over the 

interval from the last weight prior to pregnancy (W1) to the first weight after birth of the 

infant (W2). We accounted for variation in time interval between the measurements and 

computed steepness of weight change using the formula: S(W1, W2) = 1,000 × 

ln(W2/W1)/(D2 – D1), where W2 and W1 are weights in kilograms (kg) at dates D2 and 
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D1, respectively. Steeper growth curves identified dams with accelerated or excess adjusted 

GWG.

Outcomes were a series of measurements recorded in standardized infant BioBehavioral 

Assessment (BBA) testing (J. P. Capitanio, Mason, W.A., Mendoza, S.P., Del Rosso, L.A., 

Roberts, J.A, 2006). Nearly all available indoor-colony infants participate in a 25-hour 

program designed to characterize behavioral and physiological responsiveness. 

Measurements have been described in detail previously (J. P. Capitanio, Kyes, & Fairbanks, 

2006; J. P. Capitanio, Mason, W.A., Mendoza, S.P., Del Rosso, L.A., Roberts, J.A, 2006; 

Golub, Hogrefe, Germann, Capitanio, & Lozoff, 2006; Golub, Hogrefe, Widaman, & 

Capitanio, 2009; Sclafani et al., 2016), and are reviewed briefly below. Offspring 90-120 

days of age were separated from their mothers, relocated to individual standard-sized indoor 

cages (referred to as holding cages) and tested in cohorts of 5-8 infants. Each holding cage 

had a cloth towel, a stuffed toy and a novel 4×9 cm object containing an activity sensor. 

Food, water and enrichment (pieces of apple, banana, grapes) were provided. For specific 

assessments, animals were manually captured and transported to test cages in an adjacent 

room. Observers were blind to maternal adiposity status. Inter- and/or intra-observer 

reliability data were collected annually for the two behavioral observers, one of whom tested 

every BBA animal since 2001 and the second of whom tested all animals since 2005. For the 

behavioral data, observers scored the same animals, either contemporaneously or at different 

times by rescoring video from earlier years. For the rating data, technicians shadowed each 

other for animal cohorts, insuring they had comparable experiences, after which they 

independently rated each animal. Reliability values, calculated as percent agreement, always 

exceeded 85%. All procedures were approved by the University of California, Davis 

Institutional Animal Care and Use Committee and were conducted in accordance with the 

Guidelines for Use and Care of Laboratory Animals of the National Research Council. The 

CNPRC is accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care.

BioBehavioral Assessment Components

Holding Cage Observations—Within 15 minutes of arrival to the testing area (0915 on 

D1) and again ~22 h later (0700 on Day 2), each animal was observed in a predetermined 

random order (which remained constant for all assessments) for 5 minutes. Recorded 

behaviors included activity, agonistic, and anxiety behaviors, and vocalizations. Exploratory 

and confirmatory factor analyses revealed that the behavioral data could be described by two 

latent factors: Activity (time spent locomoting or not hanging from the side of the cage; rate 

of environmental exploration; and whether the animal ate food, drank water, and crouched 

on the floor of the cage) and Emotionality (rates of cooing and barking; and whether the 

animal scratched itself, displayed threats, and displayed lipsmacks) were constructed 

separately for each day during the 2-day testing period (Golub et al., 2009). Factor scores for 

each animal were z-scored within assessment year.

Response to Novel Objects—The novel object in the cage was a black hollow cylinder 

with ridges on the surface, approximately 4 cm × 9 cm, and its white replacement provided 

at 1400 h. It contained an actimeter (Philips Respironics, Bend, Oregon) that estimated the 
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amount of contact throughout the day and night, adjusted for inadvertent contacts from 

moving monkeys for other assessments. Contact was computed as the number of 15-s 

periods in 5-min blocks of time in which there was any force exerted on the object. Data 

were averaged for four time periods.

Visual Recognition Memory—The goal of this test was to determine whether animals 

would show a preference for novel visual stimuli. Each animal was presented with 7 

problems via color videotape, each of which began with a 20-second familiarization trial, 

with presentation of a pair of identical pictures of an unknown monkey side-by-side 

(Sclafani et al., 2016), followed by a white screen for 5-seconds. Next, an 8-second test trial 

displayed the original picture alongside a novel picture, followed by a 5-sec delay, and a 

second 8-sec test trial with the same two stimuli with positions reversed. All stimuli for the 

seven problems can be found online (https://doi.org/10.1371/journal.pone.0165401.s002). 

Measures of interest were: a) proportion of looking time during the test trials spent focused 

on the novel stimulus, and b) the number of problems (maximum=7) with which the animal 

engaged. If an animal did not look at the initial familiarization trial, there was no basis to 

judge which stimulus was familiar or novel, and so the looking time data were dropped for 

that problem.

Human Intruder—This test assessed responsiveness of animals under graded conditions of 

challenge. In the test cage each animal received four 1-min trials: a) technician 1 m in front 

of the animal’s cage (far position), presenting left profile; b) technician ~0.5 m (near 

position) with left profile; c) far position while making direct eye contact with the animal; d) 

near position, direct eye contact. We recorded the behaviors described above, plus position 

information. Exploratory and confirmatory factor analyses revealed a four-factor structure to 

the data (Gottlieb & Capitanio, 2013) labelled Activity (active, cage-shake, environment 

explore), Emotionality (convulsive jerk, fear grimace, self-clasp, coo vocalization), 

Aggression (threat, bark vocalization, other vocalization), and Displacement (i.e., Anxiety) 

(tooth grind, yawn). Factor scores for each animal were z-scored within assessment year.

Temperament Rating—At the conclusion of the 25-hr assessment, the technician 

responsible for testing the animals rated each animal on an instrument composed of 16 trait 

adjectives using a 1-7 scale for each item. This provides ‘thumbnail” indicators of the 

animal’s overall functioning during the BioBehavioral Assessment. Exploratory and 

confirmatory factor analyses(Golub et al., 2009) revealed a four-factor structure to the data. 

Scales were created to measure Confidence (confident, bold, active, curious, playful), 

Vigilance (vigilant, depressed, tense, timid; italicized adjectives were reverse-scored), 

Nervousness (nervous, fearful, timid, calm, confident), and Gentleness (gentle, calm, 

flexible, curious). Factor scores were z-scored within each assessment year.

Blood Samples—Four blood samples were obtained, two on Day 1 at 1100 h and 1600 h 

and another two on Day 2 at 0830 h and 0900 h. Following the second sample, each animal 

was injected with 500 μg/kg dexamethasone; this is roughly equivalent to the “very high-

dose” overnight dexamethasone suppression test in humans. Dexamethasone is a 

glucocorticoid receptor agonist that acts at the level of the hypothalamus (particularly the 
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paraventricular nucleus (Herman, McKlveen, Solomon, Carvalho-Netto, & Myers, 2012), to 

suppress corticotropin-releasing hormone and adrenocorticotropic hormone, leading to 

decreased circulating concentrations of cortisol. Sample 3 reflects the dexamethasone-

suppressed cortisol concentrations. Immediately after Sample 3, each animal was injected 

with 2.5 IU of ACTH to stimulate the adrenal, and Sample 4 was collected 30-min later. 

Samples were collected, processed, stored and assayed as described previously(Golub et al., 

2009).

Statistics

Pregestational maternal adiposity and gestational weight gain were examined in relation to 

offspring developmental outcomes. Factor scores for each BBA assessment were computed 

for each animal. To account for missing BCS (104 of 173) and weight (1 of 173) data, we 

employed the Markov Chain Monte Carlo method (JL, 1997) with a single chain to create 50 

imputations (i.e., 50 imputed data sets). For continuous outcome variables, linear regression 

models were fit to each imputed data set. A proportional odds model was used for the 

categorized ordinal outcome variable for number of problems contacted successfully in the 

Visual Recognition Memory task. We generated 50 models to achieve final composite 

results, controlling for infant sex, birth year, age in days and weight at BBA testing. While 

season of birth appears to have an impact on BBA outcomes in outdoor colony animals 

(Vandeleest, Blozis, Mendoza, & Capitanio, 2013; Vandeleest & Capitanio, 2012), it did not 

exert an appreciable effect on this analysis of animals conceived, born and raised indoors 

and was not included in final analyses. Similarly, neither maternal age nor parity had a 

negligible impact and were not included in final models. All analyses were performed with 

SAS v9.4 (SAS Institute, Cary, NC). A p-value ≤ 0.05 was considered statistically 

significant.

RESULTS

Baseline characteristics for dams and infants are displayed in Table 1. There was a slight 

predisposition for female offspring (55%). Table 2 provides descriptive statistics for the 

BBA measures assessed in this study. Adjusted estimates for associations between maternal 

prepregnancy BCS, GWG, BBA and cortisol are depicted in Table 3 and described below. 

Significant findings are portrayed in Figure 1. For those measures, over the continuum of 

BCS or GWG, each incremental increase in maternal adiposity was associated with a 

compensatory change in the outcome of interest.

Holding Cage Observations

Higher prepregnancy BCS was associated with greater Day 2 Emotionality (p=0.027). No 

effects were evident for either of the Day 1 measures, or for Day 2 Activity, and GWG had 

no impacts.

Response to Novel Objects

There were no significant effects for either prepregnancy BCS or GWG on the response to 

novel objects.
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Visual Recognition Memory

Higher maternal BCS was significantly associated with reduced interest in the novel face 

stimuli in the test of visual recognition memory: these infants spent less time looking at the 

novel stimuli (p=0.038) and had lower odds of completing the facial recognition test (i.e., 

more trials in which their data were dropped because of not looking at the stimuli) 

(p=0.006). Higher maternal GWG was independently and significantly associated with lower 

odds of completing the facial recognition test (p=0.017).

Human Intruder

Higher prepregnancy BCS and GWG were independently and significantly associated with 

reduced emotionality in the Human Intruder Test, (p=0.015) and (p=0.045), respectively.

Temperament Rating

Higher prepregnancy BCS was significantly associated with lower Confidence on the 

temperament rating scale assessed at the end of the 25-hour test period (p<0.001). We found 

no effects of BCS on the other three temperament scales. GWG was not significantly 

associated with any of the temperament scales.

Blood Samples

Higher prepregnancy BCS and greater GWG were each associated with lower cortisol 

concentrations in response to dexamethasone suppression (p=0.008 for each comparison). 

Maternal variables were unrelated to cortisol concentrations from the other three blood 

samples.

DISCUSSION

Our exploration of rhesus macaque maternal adiposity measures revealed a pattern of greater 

behavioral disturbance during the BBA testing for infants of dams that had higher 

prepregnancy adiposity and/or that gained excess weight. Importantly, these effects were not 

evident immediately upon relocation to the testing area – no effects were found for Day 1 

Activity and Day 1 Emotionality – when all animals likely responded similarly to the 

separation and relocation. Rather, the pattern for the infants of obese mothers reflected poor 

adaptability, as indicated by a number of results from the later assessments, during which 

infants exhibited enhanced holding-cage Emotionality, reduced display of affective 

behaviors during the human intruder test, and completion of fewer problems and less interest 

in novel stimuli during the test for visual recognition memory compared with control infants. 

We note that reduced interest in the novel stimuli has been associated with poorer social 

functioning later in life(Sclafani et al., 2016). Undoubtedly, this pattern of behavior 

contributed to the ratings by the behavioral observer of infants of obese mothers as less 

Confident (i.e., less confident, active, bold, curious, playful).

We found no differences in morning or afternoon cortisol concentrations in infants from 

obese or excessive GWG mothers, nor were differences seen in response to an ACTH 

challenge stimulus, suggesting that the ability of the adrenal gland to synthesize cortisol was 

not a target of maternal or gestational adiposity. Interestingly, however, these infants had 
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significantly lower cortisol levels in response to dexamethasone suppression, indicating that 

the cortisol feedback loop in these animals is more sensitive to negative regulation by 

glucocorticoids.

The origins of these behavioral and glucocorticoid findings are unclear, as is speculation as 

to whether they are all related to the same underlying mechanisms. Certainly, gestational 

environments complicated by obesity and over-nutrition are characterized by baseline insulin 

resistance enhanced by demands of the growing fetus and placenta. Progressive 

hyperglycemia and hyperlipidemia are common (“ACOG Practice Bulletin No 156: Obesity 

in Pregnancy,” 2015; Retnakaran et al., 2016). Immune activation leads to a chronic state of 

low-grade systemic inflammation (Bremer, Devaraj, Afify, & Jialal, 2011), stimulation of the 

transcription factor nuclear factor kappa B (NFkB) pathway (Shi et al., 2006) and cellular 

damage associated with oxidative stress (Brownlee, 2005; Sada et al., 2016). The role of 

maternal-fetal immune dysfunction in the development of neurobehavioral impairment has 

numerous strong lines of supporting evidence reviewed elsewhere (Meltzer & Van de Water, 

2016).

The metabolic programming effects of maternal obesity on the fetal/infant HPA axis, 

childhood growth and obesity risk have been reported extensively in humans and underlying 

mechanisms have been explored in rodent models (Hunter, Minnis, & Wilson, 2011). 

Exposure to longstanding stress with consequent over-stimulation of the HPA axis can 

evolve into a state of generally low HPA-axis activity (Fries, Hesse, Hellhammer, & 

Hellhammer, 2005; Heim, Ehlert, & Hellhammer, 2000; Miller, Chen, & Zhou, 2007). This 

state has been referred to as hypocortisolism and has been associated with adult depression 

(Maripuu, Wikgren, Karling, Adolfsson, & Norrback, 2014; Oldehinkel et al., 2001; Penninx 

et al., 2007; Wikgren et al., 2012) and adiposity in humans (Ljung, Andersson, Bengtsson, 

Bjorntorp, & Marin, 1996; Pasquali et al., 2002; Rask et al., 2001), and with chronic stress 

in monkeys (J. P. Capitanio, Mendoza, Lerche, & Mason, 1998). Fetal programming of the 

HPA-axis may promote compensatory responses in the infant brain that suppress cortisol and 

stress responses via enhanced negative feedback.

Postnatal experiences – particularly maternal-infant bonding and early social experiences – 

have been implicated in further shaping of infant temperament and HPA axis regulation. For 

example, there is substantial evidence that nursery-rearing of rhesus monkeys results in an 

altered regulation of the HPA axis (J. P. Capitanio, Mendoza, Mason, & Maninger, 2005; 

Feng et al., 2011). Other primate studies have also demonstrated that postnatal social 

experience can re-organize the HPA axis (J. P. Capitanio et al., 1998). It’s possible that 

maternal behaviors may differ by level of adiposity, leading the offspring of obese mothers 

to develop a less adaptable phenotype. Clearly, careful assessment of the social development 

of offspring of obese vs. non-obese animals is required to better understand the role of 

possible postnatal factors in the development of this maternal adiposity-related phenotype of 

low adaptability.

Together, our findings provide a unique contribution to the NHP literature. Previous NHP 

studies have characterized the fetal metabolic programming effects of maternal obesity 

generally as a result of feeding an experimental high-fat diet (Kahr et al., 2016; McCurdy et 
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al., 2016; Pound, Comstock, & Grove, 2014; Sullivan et al., 2017). Similarly, feeding high 

sugar (Golub, Hogrefe, & Vandevoort, 2014) or high-fat (Sullivan et al., 2010; Sullivan, 

Nousen, Chamlou, & Grove, 2012; Sullivan, Smith, & Grove, 2011; Thompson JR, 2017) 

diets to dams prior to or during pregnancy can lead to offspring behavioral alterations. In 

contrast to these experimental models, the animal population examined in this study 

developed and maintained their obesity over a period of years during their adult lives as a 

result of inactivity and over-eating the standard CNPRC high-protein monkey diet (Lab Diet, 

30% protein, 13% fat and 56% carbohydrate). Food enrichment included 1-2 tablespoons of 

oats and dried legumes daily and produce twice weekly. It is notable that pregnant dams 

received a 25% increase in chow once pregnancy was diagnosed, which may have enhanced 

GWG. The offspring behavior and cortisol responses reported in this study were associated 

with maternal adiposity and GWG alone without alteration to dietary composition, 

suggesting that there may be independent effects of adiposity, GWG and specific nutritional 

constituents on fetal neurodevelopmental programming.

These results have critical implications for the long-term management of captive primate 

colonies. Although it is not recommended that obese animals be used in research as control 

or experimental subjects (Bauer, Arndt, Leslie, Pearl, & Turner, 2011), elevated 

prepregnancy body condition score does not exclude dams from many pregnancy studies. 

The unintended effects of maternal adiposity on offspring reported in this study suggest that 

obese dams should be excluded from participation in experimental pregnancy designs or – at 

the very least – that prepregnancy body condition score should be considered as a covariate 

in analytic models. Our findings underscore the importance of preventing both baseline 

adiposity and excess GWG in the captive breeding colony, as these conditions regardless of 

dietary composition can impact fetal development adversely.

Limitations of this study include that it was a retrospective analysis of cohort data amassed 

for alternative purposes. We do not have biological information that would allow for 

exploration of the role of specific molecular mechanisms in the mother that may be involved 

in behavioral programming. Further, because data on maternal parenting behaviors are not 

available, it is not possible to determine with certainty the timing of behavioral 

programming. Alterations in the composition of breastmilk and maternal parenting 

behaviors of obese dams may differ in important ways from those of healthy-weight 

mothers, meaning that programming could have occurred postnatally. These are all issues for 

further study using prospective experimental designs. An important strength of our study is 

that maternal adiposity was the natural result of excess eating and limited activity – similar 

to what is seen in human populations – rather than introduction of an experimental 

nutritionally-manipulated diet.

The findings of this study add to accumulating human and animal evidence regarding the 

negative impacts of maternal obesity on fetal development and long-term health. It is 

imperative that we identify interventions that reverse aberrant underlying physiology of 

obesity during pregnancy. While the current study identifies numerous behavior changes in 

infants exposed to maternal adiposity during fetal development, these findings need to be 

assessed in a prospective study, given the propensity for retrospective studies to capitalize on 

chance associations. The NHP cohorts identified in this study would be excellent models for 
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elucidation of fetal programming mechanisms that link maternal obesity and high GWG 

with adverse offspring behaviors.
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Figure 1. Maternal prepregnancy obesity or excess gestational weight gain and statistically-
significant infant behavioral outcomes, N=173
Linear regression models were adjusted for infant sex, birth year, age in days and weight at 

BBA testing. The Y-axis lists behavioral measures that reached significance, separated into 

two categories according to the parent analysis predictor in bolded print. Adjusted effect 

estimates are denoted by black squares, and 95% confidence intervals by error bars (Tukey 

whiskers) that extend laterally from each box.
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